We started a program to search for companions around hybrid δ Sct/γ Dor stars with the frequency modulation method using Kepler data. Our best candidate was KIC 5709664, where we could identify Fourier peaks with sidelobes, suggesting binary orbital motion. We determined the orbital parameters with the phase modulation method and took spectroscopic measurements to confirm unambiguously the binary nature with radial velocities. The spectra show that the object is a double-lined spectroscopic binary, and we determined the orbital solutions from the radial velocity curve fit. The parameters from the phase modulation method and the radial velocity fits are in good agreement. We combined a radial velocity and phase modulation approach to determine the orbital parameters as accurately as possible. We determined that the pulsator is a hybrid δ Sct/γ Dor star in an eccentric binary system with an orbital period of ∼95 d and an eccentricity of 0.55. The measured mass ratio is 0.67. We analysed the pulsation content and extracted 38 frequencies with amplitudes greater than 20 µmag. At low frequencies, we found broad power excesses which are likely attributed to spots on the rotating surface of the lower-mass component. We inferred rotation periods of 0.56 and 2.53 d for the primary and secondary, respectively.
INTRODUCTION
Thanks to very precise observations from the recent generation of space telescopes (such as CoRoT and Kepler), we know that almost all stars show some type of pulsation. It is also known that more than 50% of stars are in binary or multiple systems (Alfonso-Garzón et al. 2014) . Since binarity can influence the pulsation properties in different ways, it is very important to identify companions around pulsating stars if we aim for the determination of very accurate stellar properties.
Until recently, there were two photometric methods to discover companions of pulsating stars: observation of eclipses, or the O−C method in the case of mono-periodic pulsating stars. Of course, radial velocities (RVs) give unambiguous evidence for binarity. Shibahashi & Kurtz (2012) developed a method to find companions of multi-periodic pulsating stars in frequency space, which they called the frequency modulation (FM) method, and which makes the detection and study of these systems easier. In the case of a binary system in which at least one of the objects is a variable star with coherent oscillations, all of the relevant parameters of the system can be calculated using the frequency spectrum of the light curve: the orbital period, the semi-major axis and even the RVs and the mass function which are traditionally extracted from spectroscopic observations. The star and its companion orbit around the common centre of mass, hence the distance that the light from the star has to travel to the telescope is periodically shorter and longer than in the case where there is no companion. This phenomenon is called the light-time-effect, and manifests itself as a frequency modulation in the Fourier spectrum of the light curve of the star, causing multiplets around every frequency peak.
Besides the FM method, and Murphy, Shibahashi & Bedding (2016) expanded and developed the phase modulation (PM) method (Murphy et al. 2014) . Phase and frequency modulation are equivalent, and so the PM method can also be used for detecting binary systems using the stellar oscillations and calculating their orbital parameters. Because the PM method involves binning of the light curve, it is sensitive only to systems where the period is greater than twice the length of bins.
Following the ground-breaking work of Shibahashi & Kurtz (2012) , we started an investigation of hybrid δ Sct/γ Dor stars classified by Uytterhoeven et al. (2011) using long cadence data of the Kepler space telescope to find companions around them. These are A/F type main-sequence stars with coherent oscillations, lying in the instability strip of the Hertzsprung-Russell Diagram. They simultaneously show two types of non-radial pulsations: δ Sct low-order p modes with periods 0.008−0.42 d, and γ Dor low-degree high-order g modes with periods 0.3−3 d (Lampens et al. 2017; Sánchez Arias, Córsico & Althaus 2018) . One of the biggest spectroscopic surveys of these hybrid pulsators was performed by Lampens et al. (2017) , who investigated the binary fraction of 50 such hybrid pulsators based on RV measurements. They detected companions for 27% of their sample. Murphy et al. (2018) investigated 2224 main sequence A/F stars and found 341 non-eclipsing binaries with the PM method.
We studied 585 δ Sct, γ Dor and hybrid δ Sct/γ Dor stars in our binary search project with the FM method. When it started in 2012, only Kepler Q0-Q10 data were available. One of the best candidates was KIC 5709664, which showed a consistent side-peak pattern at pulsation frequencies with the largest amplitudes. We then started to collect spectroscopic data to confirm its binarity.
The brightness of KIC 5709664 is Kp=11.2 mag. Its basic physical parameters are T eff =6820 K, log g=4.4 dex, [Fe/H]=-0.2 dex and vsin i= 71.4 km s −1 based on the spectra from the APOGEE Data Release 14 (Abolfathi et al. 2018) . Murphy et al. (2018) identified it as a non-eclipsing binary using the PM method and determined the orbital parameters from the pulsation (P orb = 95.03 d; a 1 sin i = 50.5 R ⊙ ; e = 0.51; K = 23.1 km s −1 ) and listed it as a single-pulsator binary.
Here, we present the photometric and spectroscopic analysis of KIC 5709664. In Sect. 2, we describe the Kepler data used in the photometric analysis and the spectroscopic observations we took. In Sect. 3, we present our results of the photometric and spectroscopic orbit determination. The frequency analysis is discussed in Sect. 4 and finally we summarise our results in Sect. 5.
OBSERVATIONS
We used the Kepler data in the photometric analysis of KIC 5709664. A detailed description of the telescope and data processing can be found in Borucki et al. (2010) , Gilliland et al. (2010) , Jenkins et al. (2010a,b) and Koch et al. (2010) . KIC 5709664 was observed in longcadence mode (30-min exposures) for the full 4-yr mission (Quarters 0-17), while short-cadence observations (60-s exposures) were taken in Q2.2 and the whole of Q5. In this paper, we use all quarters (Q0-17) of the long-cadence observations, only. These constitute 65313 data points that have a time span of 1470.5 d and a duty cycle of 90.8%.
We used the multi-scale MAP light curve (Stumpe et al. 2014) , obtained from KASOC. 1 . A 9-day section of the light curve is plotted in Fig. 1 .
We obtained medium-and high-resolution spectra at six observatories. The average S/N of these spectra was 40-80. The observations are described below and summarised in Table 1. • We took one spectrum in 2012 May with the eShel spectrograph mounted on a 0.5-m Ritchey-Chrétien telescope at the Gothard Astrophysical Observatory (GAO), Szombathely, Hungary, in the spectral range 4200-8700Å with a resolution of R = 11 000.
• We obtained three spectra in 2012 June with the 4.2 m William Herschel Telescope at La Palma using the ISIS spectrograph. It has dichroic filters which permit simultaneous observations in the blue and red arms. The blue arm used the H2400B grating and covered the 4170-4570Å wavelength range at a resolution of 12 000. The red arm used the R1200R grating and covered 6040-6830Å at a resolution of 8500.
• We obtained two spectra at Apache Point Observatory (APO), USA, using the ARCESéchelle spectrograph on the 3.5 m telescope with a resolution of R = 31 500 in the spectral range 3200-10 000Å. One spectrum was taken in 2012 October, and another in 2018 April. • We took nine spectra with the 2 m Alfred Jensch Telescope at Thüringer Landessternwarte Tautenburg in August and September 2016. The spectrograph was used with a projected slit width of 2 arcsec providing a resolving power of R = 30 000.
• We used spectra taken by the Apache Point Observatory Galactic Evolution Experiment (APOGEE; Majewski et al. 2017) , part of the 3rd and 4th Sloan Digital Sky Survey (Eisenstein et al. 2011; Blanton et al. 2017) . APOGEE is a high resolution (R=22,500) near-infrared survey, that is observing nearly 500,000 stars between 2011 and 2020 in the wavelength range of 15090-16990Å (Wilson et al. 2012) . We used 5 spectra from the 14th data release of SDSS (Abolfathi et al. 2018 ) which were taken in 2013 September and October.
• We collected five spectra using the KECK I telescope equipped with the HIRES instrument with resolution of 60 000. The data were collected without the iodine cell. Spectra were taken between 2016 June and November and covered the 3640-7960Å wavelength range. The technical information of the HIRES setup is described in (Shporer et al. 2016 ).
All spectra were reduced either using iraf or a dedicated pipeline, then normalized to the continuum level. Except data from the APOGEE survey, the radial velocities were determined by cross-correlating the spectra with a well-matched synthetic template spectrum from the extensive spectral library of Munari et al. (2005) . We used the 3850-6850Å region in the cross-correlation, except for a 20Å region around the Sodium D lines. Since the stellar rotation is fast, all the lines are broadened, so the spectra are dominated by the hydrogen lines. In Fig. 2 , we show spectra focusing on the Hα line, illustrating the effect of the binary motion at different orbital phases.
All RVs were corrected to barycentric RVs. The APOGEE data are reduced by a dedicated pipeline, asp- Table 2 .
RESULTS

Photometric orbit determination
The binary orbit induces frequency modulation on the pulsation frequencies (Shibahashi & Kurtz 2012) , generating sidelobes on each peak in the Fourier transform (Fig. 3) . In order to obtain a set of excited, observed oscillation frequencies without sidelobes, we had to correct the observation times to the barycentre of the binary system. This first requires a photometric measurement of the orbital parameters, for which we used the PM method (Murphy et al. 2014; . The Fourier transform of the Kepler light curve of KIC 5709664 is dominated by p modes near the long-cadence Nyquist frequency of 24.48 d −1 (Fig. 4) . There is also variability at low frequencies, whose spectral window contributes noise at all frequencies and degrades the quality of a PM 17.6 ± 0.6 −54.5 ± 1.1 APO orbital solution. We therefore followed the methodology of Murphy, Bedding & Shibahashi (2016) and high-pass filtered the light curve. It is important to note that we did this only for the PM analysis, and subsequent analysis uses an unfiltered light curve, as described later in this section. A tunable parameter in the PM method is the segment size over which the time delay is measured. Shorter segments offer finer sensitivity to the orbit at periastron, but lead to Figure 3 . Fourier transform of the light curve at the strongest oscillation frequency (black). Strong sidelobes exist as a result of binary motion, separated from the main peak by the orbital frequency. At twice the orbital frequency from the main peak, smaller sidelobes are evident, indicating an eccentric orbit (Shibahashi, Kurtz & Murphy 2015) . The orbital sidelobes remain even after prehitening the pulsation peak (red).
larger uncertainties per measurement and poorer frequency resolution in the Fourier transform (Murphy et al. 2014 ). We experimented with segment sizes of 2, 4, 6, 8 and 10 d and found 4 d to be optimal for this target. We used the nine strongest Fourier peaks in the high-pass filtered light curve for the PM analysis, carefully avoiding Nyquist aliases (Murphy, Sibahashi & Kurtz 2013) , resulting in the time delays shown in Fig. 5 . We ran the Markov-chain Monte-Carlo (MCMC) code of Murphy, Shibahashi & Bedding (2016) on the weighted-average time delay to obtain the orbital parameters given in Table 3 . The orbital solution is shown in Fig. 6 .
Spectroscopic orbit determination
Radial velocities (RVs) were determined by cross-correlating the spectra with a well-matching synthetic template spectrum from the extensive spectral library of Munari et al. (2005) . The calculated cross-correlation functions (CCFs) were fitted with two-component Gaussian functions, whose centroids gave the RVs for each component. Deviation from the Gaussian shape typically occurred around 100-150 km s −1 away from the maxima. After extracting the RVs, we computed the RV curve. For this we used our own MCMC-based RV fitting code, implementing the Metropolis-Hastings algorithm. The RVs and the fit for each component are plotted in Fig. 7 and the corresponding parameters are listed in Table 3 .
A combined approach
The RV and PM methods are complementary. When used together, they offer a much longer observational span that allows the orbital parameters to be refined. They also allow the time delays to be allocated to one of the two components of the RV curve. While RVs constitute a nearinstantaneous measurement of the orbit, our time-delay data used a 4-d integration and therefore undersample the orbit at periastron. We used the correction described by Murphy, Shibahashi & Bedding (2016) to account for this.
We found that the RV 2 velocities belong to the pulsating star for which the time delays were measured. To refine the orbit, we ran the PM MCMC algorithm on the joint data set without applying any additional weights, resulting in the parameters in the final column of Table 3 .
FREQUENCY ANALYSIS
Extraction of p modes
We used the orbit determined in Sect. 3.3 to correct the light arrival times to the barycentre of the binary system, so that there was no longer any frequency modulation of any of the pulsation modes. This leads to the cleanest Fourier spectrum, with no orbital sidelobes on any pulsation peaks, for analysis of the pulsation content.
We used the PERIOD04 software (Lenz & Breger 2004 ) to identify pulsation frequencies in these data and to fit them to the light curve in order to compute their amplitudes and phases. We used the 'super-Nyquist asteroseismology' method (Murphy, Sibahashi & Kurtz 2013) to distinguish the Nyquist aliases from the real oscillation frequencies without recourse to the Kepler SC data. Below 2 d −1 there are some incoherent peaks in the Fourier transform, presumably from spots and rotation on one of the stars (discussed below), so we did not extract pulsation frequencies below 2 d −1 . Frequencies were extracted in this manner down to 20 µmag, resulting in the 38 frequencies, amplitudes and phases shown in Table 4 . While further significant peaks could be extracted below the 20 µmag threshold, these are of decreasing significance and it is not possible to model so many frequencies in δ Sct stars at present, so we ceased frequency extraction here. Our lowest-amplitude frequency has a 10σ significance. The Fourier residuals after our frequency extraction are shown in Fig. 8 .
We note that the strongest two frequencies, at 19.4401 and 16.2596 d −1 , have a period ratio of 0.836, consistent with the expected ratio for the third and second radial overtone modes (Smolec et al. 2017 ).
Low frequencies
At low frequencies there are broad power excesses (Fig. 9 ), which were not extracted with the p modes. They might be attributed to spots on a rotating star. Since the primary is a δ Sct star with a mass likely in the region 1.5-2.0 M ⊙ , the measured mass ratio of 0.67 (Table 3) gives a companion mass in the range 1.0-1.34 M ⊙ , which should have a surface convection zone capable of generating sunlike starspots. As these starspots migrate over the surface and as the star rotates, these cause brightness variations. Such starspot-induced variability has been detected in thousands of Kepler light curves (Nielsen et al. 2013; McQuillan, Mazeh & Aigrain 2014) . We show a 15-d segment of the residual light curve that illustrates the typical rotational modulation from sun-like starspots in Fig. 10 .
Also evident in the low-frequency region of the Fourier transform (Fig. 9 ) at 1.78 d −1 is a signature of r modes, which appear to be ubiquitous among A stars (Saio et al. 2018 ). The morphology is a 'hump and spike', of which the spike is believed to be the rotation frequency of the star, mechanically generating r modes that are visible as the hump. If the r modes are attributable to the primary, the spike suggests a rotation frequency of 1.782 d −1 and a corresponding period of 0.561 d for this component, consistent with typical rotation periods of A-type stars (Royer, Zorec & Gómez 2007) . Similarly, if we take the first Fourier hump of the secondary's starspot signature as the rotation frequency, noting that there are potential caveats to this interpretation (McQuillan, Mazeh & Aigrain 2014; Angus et al. 2018 ), then we obtain a rotation frequency for the secondary of 0.395 d −1 , corresponding to a period of 2.53 d. While this is relatively rapid for a star of this mass, the shorter pre-main-sequence phase of the more massive primary will have limited early rotational braking via disklocking, and left the secondary rotating relatively rapidly. Figure 6 . The weighted average time delays folded on the orbital solution, shown with the best-fitting orbit computed using these time delays, only. The phase is calculated with respect to the timestamp of the first time-delay measurement, BJD=2454955.53140. The χ 2 /N of the fit was 0.75.
CONCLUSIONS AND SUMMARY
We analysed Kepler long-cadence data of the hybrid δ Sct/γ Dor star KIC 5709664. The frequency analysis of the photometric data revealed Fourier peaks with sidelobes, suggesting binary orbital motion. We used the nine strongest
Fourier peaks for the Phase Modulation (PM) analysis and determined the orbital parameters. We obtained 25 medium-and high-resolution spectra at 6 observatories, which unambiguously confirmed the binary nature. The calculated cross-correlation functions were fitted with a two-component Gaussian function and the RV curves of each binary component were fitted to measure the orbital parameters.
Although the parameters determined by the two independent methods are in good agreement, we performed a combined radial velocity and phase modulation approach to determine more accurate orbital parameters that are listed in the final column of Table 3 . We found that the pulsating star for which the time delays are measured is the component to which the RV 2 velocities belong.
We performed frequency analysis of the data, and extracted 38 frequencies with amplitudes greater than 20 µmag. At low frequencies, we found broad power excesses which are likely attributed to spots on the rotating surface of the primary component. Since the primary is a δ Sct star Figure 8 . The Fourier resdiuals after the 38-frequency fit. The dotted red line is the Nyquist frequency and the dashed grey lines delimit the frequency region considered for frequency extraction. The low-frequency region is shown in Fig. 9 . Figure 9 . The Fourier transform of the low-frequency region, after the 38-frequency fit. The dashed grey line delimit the frequency region above which peaks were extracted. The three broad humps might be from spots and rotation on the secondary component. The feature at 1.78 d −1 could be attributed to r modes. with a mass likely in the region 1.5-2.0 M ⊙ , the measured mass ratio of 0.67 gives a companion mass in the range 1.0-1.34 M ⊙ , which should have a surface convection zone capable of generating sun-like starspots. We also found a signature of r modes, presumably belonging to the primary. We inferred rotation periods of 0.56 and 2.53 d for the primary and secondary, respectively.
